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????????????? ??? F DF
2.1.5??????( F ) S

















???(forntal plane)????????(sagittal plane) ???
???, ???????????????????????









   ?????????????????????(Euler 
angules)????φ θ ψ, , ???????(roll angle)????(pitch 




? xyz????? XYZ????????????? 
1. ?? xyz??? z????????ψ? ? x y z1 1 1
2. ?? ??? ????????x y1 1z1 y1 θ? ? x y z2 2 2
3. ?? ??? ????????x y2 2z2 x2 φ? XYZ??? 
???????????????????????????
?? 
− ≤ ≤π ψ π  
− ≤ ≤π θ π
2 2
 
− ≤ ≤π φ π  
2.3???? 
 22





VB LBIV=                                 (2-1) 
VI LIBVB=                                 (2-2) 
LIB LBI LBI
T= − =1                               (2-3) 
?? V??????????????????































θ φ θ φ θ
L ?????? 
??????? ? ??????????? FI FB
β = T
B B



















sin tan cos tan
cos sin
sin sec cos sec
φ θ φ θ
φ
φ θ φ θ
? 
















                                 (2-7)       





















? 3.1 ????[3] 
3.2???? 









? 3.2 ????[3] 
3.3???????     
 25
 26




















? 3.3 ?????[3] 
 3.4???????? 



























































   ?????????????????????????
??????????????????????????
?????????????????????????? 
4.1.1????(input vector)????(sensitive axis): 











αΙ=Θ+Θ+ΘΙ KB                       (4-1) 
?? 
      I =??????? 
      B =??????????????????????
(rad/sec) 






      = cupula??????????(rad). 
      = cupula??????????(rad/sec). 
      = cupula??????????(rad/sec ). 
      α =???????????????(rad/sec ). 2
 
? 4.1 ??????[3] 
(4-1)???? cupula????????????? B/K? I/B? 
 
? 4.2 cupula???[4] 
4.1.3????? ???? zh






( hhh ZYX ,, )
h
 
????????????? ( )21,ωω ???? 





































???????????? Laplace Transform ??????
???: 
     
( )

























                     (4-3) 
   ??T ?????? 21 ,T
  ????????????????????????(a 
velocity step input,γ )???? 
      ( ) 






It γ                         (4-4) 
 
4.1.4???? B/K??? 















        ( ) e tBKB
It −=Θ γ                           (4-5) 
? 




I −= γθ lnln                          (4-6) 


















Btu                        (4-7) 
? 






Btu +Θ=                   (4-8)  
 
 
? 4.3 cupula ???????[4] 





 ???? I/B??? 




    ??????/???????? cupula/???????
?????????? cupula/??????????????
?? 









K •=•==ω                    (4-9) 
???????????? 
                                  (4-10) sec/0.10 rad=ω
????? K/B=10?(4-10)???(4-9)? 







ω                          (4-11) 
???????????(T1? T2)???????????
??? 







10 1 01 1b gb g                    (4-12) 
   ??? 4.4??????(4-12)??????? 
 
 
Subject angular velocity S
S SZh
( )
.α = + +
10





























































































??4.6???????????????0.36 deg/s  ???
??????????????????0.36 deg/s 2? 
2
4.2??????? 















  ?? macula???????? macula?????????
????????????’macula???’????????
? 26? 30????? 
4.2.1???????? 









(2)  ???? macula????????? macula?????





      
4.2.2???????? 




         
     ( )( )5.11.0 ++= ss
Kvelocityofperceptionsubjective
a eX
    (4-15) 
 ??      
















? 4.8 ??????? 




































? 0.2rad/s? 2rad/s? 
4.2.3????(Latency Time) 
   ?????? cupual????????????? input
????????????????????: 
???????????? 
( )tt eeakvelocityofperceptionsubjective 1.05.1 07.107.01
15.0




  ( )ττ 1.05.1min 07.107.01 −− −+= eeaKd d                  (4-17) 
?? 
        ????=τ
 41
        ??=dK
 ????????????????????? 1???
?????????? 


























(1)????????(classical washout filter) 
?????????????????????????










   ?????????????????????????
??????????????????????????
???????????????????????????








  ????????????????(nonlinear filter)? ??




   ?????????????????????????
???????????????????????????
???????????????????????? 
(3) ???????(optimal washout filter) 
????????????? (5.1),?????????



















?????? ???????u ???? e???
???????????????????????
??????????????(causal mapping)W? ??






























s yye −=   
0,0,0 >≥≥ RRQ d                            (5-3) 












                                  (5-3) aaaa uBXAX +=
     Y                             (5-4) aaaaa uDXC +=
                                  (5-5) ssss uBXAX +=








n +=                           (5-7) 
n
n
a Xcu =                                (5-8) 
 
? 5.2???????[7] 
?? ?????? N?????? ??????
I? ????????n?????? 





nHuBXAX s ++=                         (5-9) 
suDXCY +=                              (5-10) 
 47
[ ]TTT nsaT XXXX =                       (5-11) 































































                                      (5-17) 
TTT hsa XXX ,,
Ts
dy
??? ??? N????e ??????
??? ??? ?????? 
sa SS , T
S s
??? 




























































+−= − 1212                             (5-21) 
?? 
DGDRR T+= ρ2                                (5-22) 
DGCR T=12                                    (5-23) 





TT ++−= −                          (5-24) 
?? 
R R R R RT1 1 12 2
1
12
' = − −                               (5-25) 
R C GT1 = C~ ~                                     (5-26) 
A A BR RT' ~ ~= − −2 1 12                                (5-27) 
??(5-21)????? 
u F F F X X Xs aT sT
T= − 1 2 3 nT                (5-28) 
?(5-28)?????? 
)()()()( 321 tXFtXFtXFtu
nsas −−−=                   (5-29) 
5.2.3??????? 




)()()( 1 suBAsIsX aaa
a −−=                        (5-30) 
)()()( 1 suBAsIsX ss
s −−=                         (5-31) 
)()( susX an =                                 (5-32) 
)()()()( 321 sXFsXFsxFsu
























                     (5-34) 














22 FBAsIFBBFAsIFIsW aass +−+−+−= −−      (5-36) 
? 





1. ??Q?R? ρ????? 
2. ????????? 
3. ???????? 











































+= )                               (5-39) 
????5-34?????ω ?????????? ?
?????5-35???? f???? ????? 




































                               (5-41) 









p pφ τ τ
= + +
2
1 21 1d i









q qθ τ τ
= + +
2
1 21 1d i









r rϕ τ τ= +
2
1 21 1b g+
= 0






SISISSpp aLaa s ==                         (5-45) 
























                   (5-46) 
?????5-45???5-46????????????????
???????? 
SIPP aa S =                           (5-47) 
 















































                    (5-50) 
















































βωωω ωωω  231 ˆˆˆ TTT =++                    (5-54) 
?? 
ωωωωω ττττ 21211 /)( +=T                   (5-55) 
ωωωω ττ 212 / ⋅= SGT                       (5-56) 
1
213 )(









x A x B= +1                        (5-58) 






          us sT SIT
T = β a                         (6-60)  
          ua AT AIT























































































































































uBXAX 2222 +=                   (5-67) 






          us sT SIT
T = β a                         (6-69)  
          ua AT AIT



























































































































                              (5-77) 


















?? K? E?(5-80)?? 
X KX Ed d= +                          (5-80) 
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 a
?? , ,C , ?????????? , , , ?????
???? ????????????????? ???










BBBAAA sasa ==== ,
uBXAX +=                            (5-81) 







































































































X1 − X6 ????????????????? 
X7 − X9 ??????(??)?????? 
X10 20− X ???????????? 
 
? 1?-?? / ??: 
      X X X X X X X T= 1 2 8 15 16 17           (5-87) 
X1 2
X8
 ?????? X???(???)????? X
 ????? Y ????????? 
 59
X X X15 16 17 ????????? 





  ?????????????????/???????;  
 X AX Bu= +                         (5-88)                  
                                  (5-89) y CX D= + u
?? 
us s S
y= φ a I T                                  (5-90) 
ua A A
y= φ a I T
)




















1 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 1 0
0 0 0 0 0 1
0 0 0 0 0 0




gG A B G A B
p p
p p

















( ()                  (5-93) 





1 0 0 0 0 0
0 0 1 0 0 0
















X A X Bn n n n= +                                (5-96) 
u Xa =                                    (5-97) 
?????????????; 
X AX Bu Hns= + +                       (5-98) 
        Y CX Dus= +  
X X X XaT sT nT
T=                            (5-99) 
Y p p f f X X Xps pA ps
y
pA



































                             (5-103) 


























0 ρ                                 (5-107) 
???????????? ????????????: us
                     (5-108) 
J E Y GY u RuT sT s












? 2?-??/?? : 




 ? ?????? Y???(???)????? X
X  ????? X????????? 
X X12 13 14??????????? 
X X X T12 13 14 = zz zudt udt u T2  
?? u? X?????, ? X????, ????
????,??????[6]??????????. 
udtz udt 2zz
  ?????????????????/???????;  
X AX Bu= +                         (5-110)                  
                                (5-111)   y CX D= + u
??       
 62
us s S
x= θ a I T                             (5-112)  
ua A A





                           (5-113)                      



















1 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 1
0 0 0 0 0 1




gG A B G A
q q
q q















                 (5-114)  









1 0 0 0 0 0










                       (5-116)  
                            (5-117)   
?????????: 
X A X Bn n n n= +                             (5-118)   
ua =                                    (5-119)       
?????????????; 
X AX Bu Hns= + +                  (5-120) 
Y CX Dus= +                       (5-121) 
 
 63
X X X XaT sT nT
T=                        (5-122) 
Y q q f f X X Xps pA ps
x
pA
































−                            (5-126) 




















                                  (5-129) 






                  (5-131) 
J E Y GY u RuT sT s












 ? 3?-??:  
X X X X X T= 5 6 10 11                   (5-132) 
X 6
X11
5 X ?????? Z??? (???)????? 
X10 ??????????? 
X X10 11
T = zz zψ ψs s Tdt dt2  











= +                               (5-133)              
                              (5-134) y CX D= +
 
?? 
us =ψ                                (5-135) 




















0 0 0 0















                              (5-138)                
 65




                           (5-139) 
D =                                   (5-140) 
????????? 
X A X Bn n n n= +                           (5-141) 
ua =                                  (5-142) 
?????????????; 
X AX Bu Hns= + +                         (5-143) 
Y CX Du= + s                             (5-144) 
X X X XaT sT nT
T=                       (5-145) 
Y r r X Xps pA

































−                          (5-149) 





























0 ρ                               (5-153) 
???????????? ????????????: us
                   (5-154) 
J E Y GY u RuT sT s













        X X X X X T= 9 18 19 20               (5-155)        
X9
X
????? Z ????????? 
X X18 19 20??????????? 
X X X T18 19 20  = zz zw w wdt dt T2  










= +                              (5-156) 
y CX D= +                               (5-157) 
?? 
us =                                   (5-158) 
ua =                                   (5-159) 





















                         (5-160) 
B









                             (5-161) 




                            (5-162) 
D =                                    (5-163) 
????????? 
X A X Bn n n n= +                             (5-164) 
ua =                                    (5-165) 
?????????????; 
X AX Bu Hns= + +                   (5-166) 
        Y CX Dus= +                       (5-167) 
X X X XaT sT nT
T=                        (5-168) 
Y f f X X Xps
z
pA



































                          (5-172)   

























E e Qe= +
us ua
                              (5-173)  
                                  (5-174)  
                                  (5-175)  
                               (5-176)   
???????????? ????????????: us
                   (5-177)   
GY u RuT sT s





































W s W s














( ) ( )
( ) ( )
                (6-1) 
?? 
W s s s s s s s
s s s s s s11
6 5 4 3 2
6 5 4 3 2
2 415 2843 195 07391 01134 00051
2416 2844 1951 07395 01135 00051
( ) . . . . . .
. . . . . .
= + + + + + ++ + + + + +  (6-2) 
 
W s s s s s s s
s s s s s s12
6 5 4 3 2
6 5 4 3 2
0011 01373 02508 01856 00711 00108 0000478
2 416 2844 1951 07395 01135 00051
( ) . . . . . . .
. . . . . .
= + + + + + ++ + + + + +  (6-3) 
 
W s s s e s e s
s s s s s s21
6 5 4
6 5 4 3 2
0003 0 000585 1225 005 2 994 006
2 416 2 844 1951 07395 01135 00051
( ) . . . .
. . . . . .
= − − + − + −+ + + + + +
3
  (6-4) 
 
W s s s s s
s s s s s s22
6 5 4 3
6 5 4 3 2
08621 0 9015 01933 0 009845
2 416 2 844 1951 0 7395 01135 0 0051
( ) . . . .
. . . . . .

























































































W s s s s s s s
s s s s s s11
6 5 4 3 2
6 5 4 3 2
2 281 2 548 1665 0 6 0 086 0 0037
2 281 1614 0 2019 01783 0 042 000212
( ) . . . . . .
. . . . .
= + + + + + ++ + + − − −  (6-6) 
 
W s s s s s s
s s s s s s12
6 5 4 3 2
6 5 4 3 2
0 01038 01243 0 22 01548 0 05628 0 00793 0 0003
2 281 1614 0 2019 01783 0 042 000212
= + + + + + ++ + + − − −
. . . . . . .
. . . . .
 (6-7) 
 
W s s e s e s
s s s s s s21
6 5 4
6 5 4 3 2
0 0029 0 0006474 2121 005 8 224 007
2 281 1614 0 2019 01783 0 042 000212
= − − − − + −+ + + − − −
. . .




W s s s s
s s s s s s22
6 5 4 3
6 5 4 3 2
0 8223 08644 01703 0 00831
2 281 1614 0 2019 01783 0 042 000212
= + + ++ + + − − −
. . . .








































? 6.2 ??/?? ????? 
???? 





???????????? 0.2rad/s ? 10rad/s??????
?????????????? 
W s s s s
s s s s
( ) . . .
. . . .
= + ++ + + +
0 9824 0 5456 0 04412
0 7444 0 2765 0 05504 0 0033
4 3 2






































? 6.3 ?? ????? 
 
???? 




         
W s s s
s s s s
( ) . .
. . . .
= ++ + + +
0 9824 01824
1386 0 9375 0 3297 0 037
4 3







































? 6.4 ?? ????? 
6.3???? 




????? 0.05 m s/ 3???????,?? 10 ???
0.5 m s/ 2??????? 0.5 rad/s????? 10?, 10???












??????? 6.8?? 6.15?? 6.8?? 6.9?????
?????????? 6.10 ?? 6.11 ??????????































































































































































???? R11(??? 6.5)??????? 0.1??10?? 100
?????????????????????????
??????????????????????????
6.18 ?? 6.25?? 6.26 ?? 6.33 ????????????
???????????????????????????
?????????? 
???? 6.18?? 6.20?? 6.22 ?? 6.24 ??????
??????????? R11??????????????
???????????????? 




















?6.18 ??????????????? (R11=0.9) 














?6.19 ?????????? (R11=0.9) 
 
 86
















?6.20 ??????????????? (R11=9) 
 
















?6.21 ?????????? (R11=9)  
 87
















?6.22 ??????????????? (R11=90) 











?6.23 ?????????? (R11=90) 
 
 88
















?6.24 ??????????????? (R11=0.09)  














?6.25 ?????????? (R11=0.09) 
 
 89




















?6.26 ????????????????? (R11=0.9) 

















?6.27 ??????????? (R11=0.9) 
 
 90




















?6.28 ????????????????? (R11=9) 
 

















?6.29 ??????????? (R11=9)  
 91




















?6.30 ????????????????? (R11=90) 
 

















?6.31 ??????????? (R11=90)  
 92




















?6.32 ????????????????? (R11=0.09) 






















































? 6.2  ?? / ?? ????? 
D(S) Num11(S) 
-0.38278 + 0.71053i -0.38275 + 0.71070i 
-0.38278 - 0.71053i -0.38275 - 0.71070i 
-0.69260 + 0.26146i -0.69228+ 0.26161i 













-0.38278 + 0.71053i 10 - 0.0000002558816i* 
-0.38278 - 0.71053 i -1 
-0.69260 + 0.26146 i -0.39041 + 0.39087 i 
-0.69260 - 0.26146 i -0.39041 - 0.39087 i 
-0.18867 -0.18999  
-0.07606 -0.07232  
????? 
0 -0.00000618115743 + 0.00000597i** 
0 -0.00000618115743 - 0.000005970i** 
-9.9999 10+0.0000002558816i* 
-0.19  -0.18867  





-0.38278 + 0.71053 i -0.18866 
-0.38278 - 0.71053i -0.07606 
-0.69260 +0.261467i 0.06960278954597 
-0.69260 - 0.261467i 0.00004241256623 + 0.00008057i** 





-9.99999 -9.99999  
-0.19 -0.18999  





-0.38278 + 0.71053 i -0.82535  
-0.3827 - 0.71053 i -0.18999  
-0.69260+ 0.26146 i -0.07606  
-0.69260 - 0.26146 i -0.00003422579 0.00004804i** 
-0.18867580379831 -0.0000342257 0.000048045i** 
-0.07606970830024 0.00004919355480** 
????? 
0 0.000000412395 0.0000032i** 
0 0.000000412395 - 0.0000032i** 
-9.9999 -10 
-0.19 -0.18873  
-0.18867 -0.18867  
-0.00001000000000** -0.00001094121857** 
* image part approach 0            ** real and image part approach 0 
 97
? 6.3  ??/?? ????? 
D(S) Num11(S) 
-0.35789 + 0.68367i -0.35784 + 0.6838 i 
-0.35789 - 0.68367 i -0.35784 - 0.6838 i 
-0.66293 + 0.25115 i -0.66265 + 0.25127 i 
-0.66293 - 0.25115 i -0.66265 - 0.25127 i 
-0.16387 -0.16387  




-9.9999 -9.9999  
-0.19 -0.18999  




-0.35789 + 0.68367 i -9.9999  
-0.3578 - 0.6836 i -1. 
-0.66293 + 0.25115 i -0.37163 + 0.37284 i 
-0.66293 - 0.25115 i -0.37163 - 0.37284 i 
-0.16387 -0.16393  
-0.07607 -0.06921  
????? 
0 -0.00001264492192+ 0.000015855i** 
0 -0.00001264492192 - 0.000015855i** 







-0.35789 + 0.6836 i -0.16391  
-0.35789 - 0.6836 i -0.07606  
-0.66293 + 0.25115 i 0.02223  
-0.66293 - 0.25115 i 0.000203379 + 0.000363898i** 





-9.9999 -10  
-0.19 -0.19  




-0.35789 + 0.68367 i -0.81138  
-0.3578 - 0.6836 i -0.16391  
-0.66293 + 0.25115 i 0.00000439284272** 
-0.66293 - 0.25115 i -0.000012660+ 0.000014011i** 
-0.16387 -0.000012660 - 0.000014011i** 
-0.07607 -0.07607  
????? 
0 -0.0000071808 + 0.00000409i** 
0 -0.000007180 - 0.000004094i** 
-9.9999 -10  
-0.19 -0.19  





? 6.4   ?? ????? 
D(S) N(S) 
-0.16615 + 0.2848i -0.45708 
-0.16615-0.28481i -0.09824 












? 6.5  ?? ????? 
D(S) N(S) 
-0.3239 + 0.5005i -0.18564218929665 
-0.3239 - 0.5005i -0.00009951135109** 
-0.54772 0.000003842 + 0.000007788i** 
-0.19009 0.0000038422 - 0.000007788i** 
????? 
-0.00000100000005** -0.00000968442770** 
-0.00000099999995** -0.000002910 + 0.000003064i** 
-0.19 -0.19 
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  ??????????????4.13?? ?????
?4.15????????????????????????
???????????????A-1??????A-2???
????????????????    

( )( )
( )ωω = + + −
T s


































      x Ax Bu Hn= + +                           (B-1) 





















                       (B-3) 
?? ?? R? G??????(symmetric matrix)?R?




                                 (B-4) R C GT1 =
                                (B-5) R C GT12 =
                              (B-6) R R D GT2 = +
                            (B-7) R R R R RT1 1 12 2 1 12' = − −
 106
 107
x                              (B-8) u u R RT' = + −2 1 12
                             (B-9) A A BR RT' = − −2 1 12
?(B-2)?(B-6)??????? 
 
σ = + +zE x R x x R u u R u dtT T Ttt 1 12 2221{ }          (B-10) 
????(B-7)?(B-8)?(B-10)??????? 
   σ = +zE x R x u R u dT Ttt 1 201 ' ' '{ t}                (B-11) 
????(B-1),(B-8)?(B-9)??????? 
         ' 'x A x Bu Hn= + +                   (B-12) 
???????????????????????(B-10)?
(B-11)????????R?R? ??????R >0? ?
?? 
1 1







?? ? ?????????G>0? R>0??????(B-6)


















                              (B-14) F t R B p tT( ) (= −2 1
?? P(t)????? Riccati Equation??? 
                   (B-15) − = − + +− ''p R PBR B p A p pAT T1 2 1
   ?     
p t( )1 0=                            (B-16) 
??????6??????(steady-state) ??????(control 
law)???? 
                                (B-17)   F R BT= −2 1
?? P????? Riccati Equation??: 
                  (B-18) 0 1 2 1= − + +−R PBR B p A p pAT T' '
?? 








1 2→∞ − +z{t                (B-19)   }
? 
     lim ' 'T T
t t








                 (B-20)  
 (B-19),(B-20)??? 
???? x(t)? u(t) ,[??? ],? ergodic??????(B-19)
?????? 
u t' ( )
E x R x u R uT T1
' '+m                        (B-21) 
????(B-8),(B-13)?(B-14)?????????????? 
      u R B p t RT= − +−2 1 12( ) xT                    (B-22) 
?????(B-17)?????????????????? 
      u R B P RT T= − +−2 1 12 x
r
                   (B-23) 
?????(B-3),(B-11)?(B-21)???????????? 
σ = +E y Gy u RuT Tm                    (B-24) 
?? C 















                (C-1)            
?? ? ???(square matrix)?????? A????
??(dimention)?????(5-20),(5-22)?(5-27)??????: 
P11 P22
           [ ]         (C-2) [F F F R B P DGCT1 2 3 2 1= +− ]
??????? A? B?C?D? ? ?  
????????(C-1)??????? 
R1 R2 R12
                        (C-3) F R B P D QCT T1 2 1 12= −− ( )
)
)
                       (C-4) F R B P D QCT T2 2 1 22= +− (
                        (C-5) F R B P D QDT T3 2 1 23= −− (
??????? W?S????? ? ?? ? P
21
P
22
P
23
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